Abstract We analyzed the influence of climate change over the past 50 years on the radial growth of two tree species: Korean pine (Pinus koraiensis) and Yezo spruce (Picea jezoensis), located on Changbai Mountain, Northeast China, using a dendrochronology approach to understand factors that limit the altitude for tree species. Elevated temperatures increased the radial growth of Korean pine and decreased that of Yezo spruce. The positive response of tree growth to hydrothermal conditions was the key reason that the upper limit of elevation of Korean pine followed the temperature fluctuation pattern. Increased temperatures and precipitation and longer growing seasons accelerated Korean pine growth. As the temperature increased, correlations between Korean pine ring-width chronology and precipitation changed from negative to positive. In Yezo spruce, increasing monthly temperatures and inadequate precipitation during the middle and late parts of the growing season led to narrow growth rings, whereas decreasing monthly temperatures and sufficient precipitation during the late growing season promoted growth. Rising temperatures and adequate precipitation increases Korean pine growth, possibly elevating the upper range limit in altitude for this species. In contrast, Yezo spruce growth is negatively affected by warming temperatures and limited precipitation. Under future temperature increases and precipitation fluctuations, the upper limit altitude of Korean pine can reasonably be expected to shift upward and Yezo spruce downward.
Introduction
Variations in tree-ring width can provide a detailed record of tree growth and vitality in response to climatic changes (Fritts 1976) . At the latitudinal and altitudinal edges of their distribution, the growth of tree species is believed to be chiefly limited by the temperature regime, with tree-ring records from these distribution sites generally providing a proxy of the temperature changes in an area (Büntgen et al. 2005; Frank and Esper 2005) . A number of studies found significant increases in tree-ring growth linked to temperature increases throughout the Northern Hemisphere (D'Arrigo et al. 2001; Wilson and Luckman 2002; Cook et al. 2003; Büntgen et al. 2005; Luckman and Wilson 2005; Salzer and Kipfmueller 2005) . Nonetheless, model simulations based on variations in tree-ring width have led to a significant underestimation of temperature changes since the mid-twentieth century, especially with the pronounced temperature increases seen during the 1980s (Büntgen et al. 2006; Carrer and Urbinati 2006) . This lack of strong correlations can be linked to an overall anomalous reduction in tree growth indices reported for forests both high latitude and high altitude in the Northern Hemisphere (Briffa et al. 1998; Cook et al. 2004) .
Because climate change refers to changes not only in the mean annual temperature, but also to seasonal temperature and precipitation patterns, potential reasons for the observed decoupling between tree-ring growth in some species and observed temperature changes are complex (Wilson et al. 2007) . In this study, we investigated the climatic factors underlying the chronologies of tree-ring widths of two dominant conifer species, Korean pine (Pinus koraiensis) and Yezo spruce (Picea jezoensis), at the upper limit of their respective distribution ranges on Changbai Mountain. Understanding the different climatic drivers of these chronologies is crucial for the future use of tree-ring width in paleoclimatic reconstructions. The knowledge gained will contribute to a better understanding of the complex and diverging influences of climate change on individual tree species and the forest ecosystems they dominate.
Previous research in the Changbai Mountain area has already provided important insights into temperature and precipitation changes (Shao and Wu 1997; Zhang et al. 2007 ). Several studies have also established links between temperature and tree-ring width. For example, Wang et al. (1995) , focusing on the links between temperature and the ring width of tree species in a mixed broad-leafed Korean pine forest, reported that increases in temperature promoted the growth of Korean pine and also led to range expansions for some broad-leafed species. When Yu et al. (2005a) analyzed changes in the tree-ring width of Betula ermanii and Larix olgensis (Yu et al. 2005b ) along the timberline, they found a general positive correlation between tree-ring width and annual average minimum temperature and that precipitation was an important determinant of growth for both species. However, there has also been very little research on the radial growth of Korean pine and Yezo spruce at the upper limit of their distribution ranges. Both are dominant species in their forest zones in the Changbai Mountain region, and their responses to climatic variation strongly influence the entire regional ecosystem. Identifying the different responses of these two species to climatic changes is therefore pivotal to predicting and understanding forest community dynamics. Our results will provide insights into the effects of climate change on dominant tree species in natural ecosystems and may have potentially farreaching implications for future management of forest ecosystems and the large-scale reforestation projects currently underway in Northeast China (Li 2004 ).
Materials and methods

Study area
The Changbai Nature
is located in southeastern Jilin Province at the boundary between China and North Korea. The study area is a typical temperate, continental mountain climate, influenced by the East Asian monsoon region. Precipitation mainly occurs in the short, warm summer, whereas the winter is long, dry and cold. The reserve was established in the 1960s to preserve the remnant pristine forests in the area. From the low elevation of the mountain to its peak at 2691 m above sea level (asl), there are distinct vegetation zones with mixed broad-leaf and Korean pine forest at the base, then going higher, dark coniferous and Korean pine forest, followed by dark coniferous forest, alpine B. ermanii forest and finally alpine meadows. The vegetation on Changbai Mountain represents one of the best examples of vertical vegetation zonation in temperate Northeast Asia. Therefore, the area is ideally suited for studies on the impacts of climate change on forests and tree growth. Korean pine and Yezo spruce are widely distributed in the Changbai Nature Reserve. The mesophilous Korean pine is an endangered species on Changbai Mountain and in the Lesser Khingan Mountains in Northeast China. In these areas, it is the dominant species in the mixed broad-leaved and Korean pine forest at low elevations. It is also the dominant species in the dark coniferous and Korean pine forest at higher elevations where it is mixed with various spruce and fir species. On Changbai Mountain, the Korean pine's upper limit is about 1300 m asl. Yezo spruce has a much wider range. It is mainly distributed at intermediate to high elevations and has an upper-limit of 1800 m asl. It occurs in cool, humid forests and forms part of the timberline.
Climate data
The climate data used in this study were recorded at the Songjiang Meteorological Station (128°15 0 E, 42°32 0 N, 591 m asl), the nearest meteorological station to the research area, which has meteorological data back to 1958. Factors that could potentially explain effective accumulated temperature and the length of the growing season were calculated using a relapse rate of 0.5°C/100 m and were used in the analysis to evaluate their effects on treering growth.
With regard to precipitation, the analysis identified three distinct periods: (1) (Li et al. 2011 ).
Recording tree-ring width chronologies
Sample sites were selected along the altitudinal upper limit ranges of the two tree species. These sites are in regions where anthropogenic activity is low. The sampling area for Korean pine is about 1300 m asl and characterized by a very dense canopy and the two dominant species, Korean pine and Yezo spruce. The sampling area for Yezo spruce is 1800 m asl and forms the timberline for needle-leaved trees on Changbai Mountain. The forest canopy at this elevation is dominated by Yezo spruce mixed with L. olgensis. Following standard dendrochronological sampling approaches (Fritts 1976) , we sampled trees on steeply sloped sites, where there is no significant competition with surrounding trees and canopy coverage is low. We drilled one core from each tree at breast height (1.3 m).
Influence of climatic fluctuation on radial tree growth
To analyze the influence of mean annual temperature on tree-ring growth, we focused on the period between 1958 and 2006, which included the period when a loosening of the links between tree-ring width and temperature had been reported for many regions in the Northern Hemisphere (Zhang et al. 2007) . We compared the trends in tree-ring width with changes in the temperature regime over this period and analyzed the relationship between the ringwidth chronologies and a number of inter-annual climatic factors to identify which factors had the most influence on the growth of the two tree species. The factors, which were the maximum, minimum and total precipitation and temperatures, were analyzed over 3-month periods. The correlation analysis of growth responses to rising temperatures and changing hydrothermal conditions for both conifer species, under consideration of statistical efficiencies and temporal span, was performed using 20-year sliding intervals.
To obtain a finer temporal resolution, we also analyzed the influence of climatic factors on tree growth over 1-month intervals. A response function analysis (Fritts 1976 ) was conducted to reveal the influence of monthly climatic factors on tree growth. A pointer year analysis (PYA, see Holmes 1983; Meyer 1999 ) was used to evaluate the cause of wide and narrow rings, with climatic factors listed in descending order according to the corresponding ring-width. Years above and below the respective upper and lower quartile, i.e., the 12 years with the widest and narrowest tree-ring records, were used as pointer years. The climatic factors for each pointer year were calculated. Data were subsequently presented as standard anomaly values for both temperature and precipitation.
Another key climatic factor for tree growth, other than temperature extremes and mean annual temperature, is the length of the effective growing season, which is determined by the accumulative temperature and the mean temperature during growing season (Walther et al. 2002) . The growing seasons for each tree species were established using the temperature series recorded at the meteorological station, which was subsequently corrected for the elevation differences between the station and the sampling sites. The growing season begins when the average day temperature over 5 consecutive days was [5°C and ends when the average temperature over 5 consecutive days was \5°C.
Tree ring analysis and statistical methods
The core was analyzed using the methods Stokes and Smiley (1996) and Holmes et al. (1986) to construct its chronology. Table 1 summarizes the sampling information and basic characteristics of the standard chronology for the two species. To maximize the common signal within each chronology, only the most highly intercorrelated radii were retained. The two resulting chronologies were based on a total of 39 Korean pine cores and 36 Yezo spruce cores. Detrending of growth variations associated with age was accomplished using ARSTAN software (Cook and Holmes 1986) . Each series was detrended using a negative exponential curve and a negatively sloped linear regression line. Finally, we used the bi-weight robust mean of all the detrended series to get the standard chronology (Fig. 1) . The statistical analysis was performed using the program R (R Development Core Team 2011).
Results
Radial growth over the past 50 years
The Korean pine and Yezo spruce chronologies were not strongly correlated with average temperature changes. However, Korean pine tree-ring growth was more strongly associated with observed temperature peaks and long-term trends than was Yezo spruce (Fig. 2) . The decreasing radial growth of Yezo spruce over the past 50 years indicated a long-term trend with increasing mean annual temperature, the opposite of Korean pine.
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Tree-ring width and interannual meteorological factors
When comparing the reactions of the tree-ring growth to interannual meteorological factors at the upper limits of the tree species (Table 2) , diverging trends appeared for the two species. Radial growth of Korean pine increased significantly with increasing precipitation between July and September, as did total precipitation (P \ 0.05, 2-tailed Pearson's correlation test). However, precipitation and tree growth during the rest of the year were not significantly correlated (Table 2) . Correlations with interannual temperature changes and temperature extremes were positive but very weak (Table 2 ). In contrast, precipitation did not show any significant influence on the radial growth of Yezo spruce, while both annual average temperature and interval temperature changes between January and September were highly negatively correlated, especially in January and March.
The radial growth of Korean pine showed the strongest positive growth response to increasing August temperature according to the monthly climatic data for the period between the end of the growing season in the pre-year and the end of the growing season in the current year (Fig. 3) . Korean pine tree-ring growth was also positively correlated with precipitation in the summer months according to the 3-monthly data, but was not significantly correlated with the precipitation levels recorded in the monthly climatic data. This tree species also seems adversely affected by high snowfall in January, but this trend was insignificant.
Radial growth of Yezo spruce was not significantly correlated with any of the monthly climatic factors. Increases in March and winter temperatures and precipitation in April were all negatively correlated with radial growth of the spruce, whereas precipitation in March was positively correlated with growth. Long-term trends for radial growth and their relationship to climate change
In each of the 48-year intervals, growth responses of the two tree species differed (Table 3) . Korean pine radial growth decreased slightly in the first interval, while that of Yezo spruce decreased. In the second interval, characterized by warmer and wetter conditions, Korean pine radial growth increased slightly, while Yezo spruce radial growth decreased. Korean pine significantly increased in radial growth with increasing temperature since 1978, while radial growth in Yezo spruce decreased but not significantly over the same period.
Korean pine reacted positively to the dry conditions in pre-1977 and post-1994, and growth overall significantly increased as the temperature rose from 1978 onward, whereas growth of Yezo spruce initially decrease as increased precipitation and temperature increased before 1993, whereas from 1994 onward, growth increased when conditions became dryer and warmer (Table 3) .
Climate regime correlation with maximum tree-ring growth
The anomaly pointer years, represented by the years with the narrowest and widest rings, indicated that the temperature regime had a much stronger influence on growth of Yezo spruce than on Korean pine (Fig. 4) . Temperatures at the very beginning of the year greatly altered radial growth of the spruce, with high temperatures reducing radial growth. The only exceptions to this pattern were the July temperatures, when a positive correlation between ring growth and temperature was found. In Korean pine, a positive growth response was clearly visible in reaction to increased temperatures, at the end of the previous growing season and at the very beginning of the next growing season. Links between temperature and reduced radial growth were less clear.
The influence of precipitation on the radial growth of the two species also yielded further interesting insights. It was clear that Yezo spruce growth was negatively affected by increased precipitation before the growing season began and at the start of the growing season, but benefited from increased precipitation later in the year. In contrast, Korean pine growth increased with decreased precipitation, particularly toward the end of each growing season.
Effects of growing season and effective accumulated temperature on tree growth
Despite the considerable accumulated increase in temperature ([5°C) for both tree species at their upper altitudinal sites, the length of the growing season increased Season classification is based on pre-autumn: pre Oct-pre Dec; pre-winter: Jan-Mar; spring: Apr-Jun and summer: Jul-Sep. Mean: annual average temperature, Min: lowest temperature in January, Max: highest temperature in July. Aut, Win, Spr and Sum refer to autumn, winter, spring and total temperature and precipitation, respectively * P \ 0.05 level; ** P \ 0.01, 2-tailed Pearson's correlation test. Pearson correlation coefficients represent correlations between tree-ring width and the average temperature and total precipitation for each interval Different radial growth responses to climate warming by two dominant tree species at their… 799 substantially for Korean pine at 1300 m asl, but did not change significantly for Yezo spruce at 1800 m asl within 48 years (Fig. 5) . While a longer growing season strongly promoted Korean pine tree growth, Yezo spruce did not benefit from the increased accumulated temperature, as its growing season did not significantly change despite the accumulated temperature increase. Stronger evaporation and reduced soil moisture exacerbated water stress, which further reduced growth rates, leading to an overall growth reduction in Yezo spruce.
Conclusion and discussion
The positive relationship between Korean pine ring width and both temperature and precipitation in the growing season, with a particularly pronounced positive correlation with August temperatures, was found using all analytical techniques (Table 2 ; Fig. 3 ). The availability of sufficient water during the growing season sustained growth, and nutrients that accumulated during the growing season may have improved the subsequent year's growth (Duan et al. 2012) . A positive relationship between ring growth and precipitation in the autumn months of the previous year was found (Fig. 3) . The upper altitudinal limit of Yezo spruce coincided with the timberline on Changbai Mountain (Yu et al. 2005a) . In this exposed site, low temperatures can be assumed to be a particularly important climatic factor, and an earlier start to the growing season strongly influenced tree growth (De Oliveira et al. 2012 ). Our results indicated that the temperature at the onset of the growing season (April-July) had an important positive impact on Yezo spruce growth, whereas increased temperatures in March had the opposite effect (Fig. 3) . The negative correlation between chronology and precipitation further demonstrated that low temperatures caused by precipitation reduced tree growth (Fig. 4) . When temperatures rise too early, plants may end their dormancy prematurely, becoming vulnerable if temperatures fall too drastically at night. Furthermore, high air temperatures in March could lead to tree 
Pinus koraiensis -Precipitation
Picea jezoensis -Precipitation Correlation coefficient Fig. 3 Response function analysis of ring-width chronologies and monthly climatic data (2-tailed Pearson's correlation test; P \ 0.05). On the x axis, p refers to months in the previous year, e.g., p8 represents August in the previous year transpiration at a time when water is not readily available because the soil is potentially still frozen or covered in snow (Duan et al. 2012) . Increased temperatures in April and May, as well as in August and September, combined with sufficient precipitation throughout the growing season appeared to greatly increase Korean pine growth (Fig. 4) . The temperature and precipitation in April, which was before the growing season, were important for tree growth. Dormancy in Korean pine ended in April. During this period, appropriate high temperatures expedited the arrival of the growing season, although excessive precipitation in this period could cause temperature decreases, which would shorten the growing season. Consequently, low temperature and excess precipitation were the main factors responsible for reduced growth. The opposite climatic factors led to the N stands for the year with the narrowest 12 rings, and W is the year with the widest 12 rings. On the x axis, the number represents the month, p stands for previous year, and year is the annual average temperature or the annual precipitation. The y axis is the average of the standardized anomalies. Error bar is the standard error of the anomalies for each pointer year Different radial growth responses to climate warming by two dominant tree species at their… 801 formation of narrow and wide rings in the Yezo spruce at upper-limit sites. High temperatures were associated with the formation of narrow rings, whereas low temperatures were associated with the formation of wide rings (Fig. 2) . The negative correlation between tree growth and temperature was significant, in accordance with the interannual analysis. Sufficient precipitation during the previous year was an important factor explaining wide rings in the subsequent growing season. Narrow rings may form if available moisture was inadequate. This result confirmed our initial hypothesis that the water stress caused by warming led to a decrease in growth. Abundant precipitation in the winter, which corresponded to low temperatures, was also a factor in the subsequent year's narrow rings. Low temperatures in the alpine area were also found to be a restrictive factor for growth (Fig. 4) . Research has shown that temperature alone cannot be the single vital factor influencing tree growth (Fig. 5) . The length of the growing season, effective accumulated temperature, average temperature and average maximum and minimum temperatures also influence the upper limit of tree growth (Walther et al. 2002) . The minimum temperature in winter was a vital restriction to upper-limit tree growth. Extreme temperatures commonly restrict tree growth and altitudinal distribution in alpine areas. Dendrochronology studies involving L. olgensis (Yu et al. 2005b ) and B. ermanii (Yu et al. 2005a ) at the timberline have reported a significant positive correlation between ring-width chronology and either the annual average minimum temperature or the monthly average minimum temperatures. However, our research indicated that the treering width of Yezo spruce at its upper limit decreased at all temperatures, and we demonstrated a positive correlation between chronology and temperature only during the growing season for Korean pine at its upper limit (Fig. 2) . Wang et al. (1995) suggested that increased night temperatures contributed to an increase in tree growth in lowelevation, broad-leaved Korean pine forests (Wang et al. 1995) . We also found a positive correlation between the chronology of Korean pine and the minimum temperature during the growing season. However, for Yezo spruce, the correlation between chronology and night temperature was significantly negative (-0.41). The effects of climate warming in particular nighttime warming, on growth were less intuitive and showed an overall reduction trend. A growth reduction caused by temperature increases and drought induced by the increased temperature was also noted in various European forests (Ciais et al. 2005) . Based on the strong moisture signal contained in the Yezo spruce chronology, we believe that this increased temperatureinduced drought might be the main reason for the reduction in Yezo spruce growth over the last five decades. As a result of climate warming, we noted different radial growths for these two species over the past 50 years. There was an increasing trend in the upper-limit Korean pine chronology with increased temperatures. Conversely, a chronology reduction, known as divergence, happened in the upper limit range of the Yezo spruce. The divergence mechanism has been studied in relation to aspects such as reductions in moisture restriction induced by increased temperature (Jacoby and D'Arrigo 1995; Barber et al. 2000) , atmospheric pollution (Yonenobu and Eckstein 2006) , tail effects of detrending during the process of constructing the chronology (Melvin 2004 ) and different responses of tree growth to minimum and maximum temperatures (Wilson and Luckman 2003) . The increase in temperature and precipitation promoted growth at the upper-limit range of Korean pine trees. The effects of increasing temperature and precipitation during the growing season on tree growth were substantial in the upper limits of Korean pine, and the effects of heat and moisture on growth were synergistic with each other. The warming effect on Korean pine growth was reinforced by a precipitation increase, but was reduced by decreased precipitation. Sufficient hydrothermal resources before the growing season and during the middle and late periods of the growing season were important for the formation of wide tree rings, whereas low temperatures and drought during the growing season yielded narrow tree rings. Lengthened growing season and low temperatures were the most important factors accounting for the increase in Korean pine growth.
The correlations between tree growth and rising temperatures were negative for the upper limit of Yezo spruce. Growth decreased when the temperature rose. The effect of increased temperature on tree growth gradually changed from positive to negative, and there was a significant positive correlation between tree-ring width and moisture conditions, especially during the growing season. The reductive effect of temperature on chronology in cold areas has been found in North America (Jacoby and D'Arrigo 1995; Barber et al. 2000) , Europe (Büntgen et al. 2006) and Siberia (Vaganov et al. 1999 ). Temperature and precipitation have also been reported to have opposite effects on tree growth (Cui et al. 2008 ). The moisture signal was strengthened in the chronology of Yezo spruce at its upper limit as the temperature increased, which is in accordance with the research results for L. olgensis (Yu et al. 2005b) and B. ermanii (Yu et al. 2005a) in the timberline area. Lower than average temperature and sufficient precipitation in the growing season were vital for wide tree-rings in the upper-limit Yezo spruce, and high temperature and limited precipitation in the growing season may produce narrow tree rings. Although the average annual temperature and accumulated temperature increased, the length of the growing season at the upper limit sites of Yezo spruce did not change greatly and may be an important factor reducing tree growth.
On the basis of our results, we conclude that rising temperatures could increase the upper altitudinal limit of Korean pine, consistent with predictions made using models proposed by Hao et al. (2001) , Leng et al. (2006) , and Zhu et al. (2007) . At the upper limit of Yezo spruce, increased temperature accentuated water evaporation, making climate warming unfavorable for Yezo spruce growth. As such, the likelihood of Yezo spruce populations becoming established at higher altitudes will decline as global warming increases as already predicted (Leng et al. 2006) .
